An asymmetric auxin distribution pattern is assumed to underlie the tropic responses of seed plants. It is unclear, however, whether this pattern is required for root negative phototropism. We here demonstrate that asymmetric auxin distribution is not required to establish root phototropism in Arabidopsis. Our detailed analyses of auxin reporter genes indicate that auxin accumulates on the irradiated side of roots in response to an incidental gravitropic stimulus caused by phototropic bending. Further, an agravitropic mutant showed a suppression of this accumulation with an enhancement of the phototropic response. In this context, our pharmacological and genetic analyses revealed that both polar auxin transport and auxin biosynthesis are critical for the establishment of root gravitropism, but not for root phototropism, and that defects in these processes actually enhance phototropic responses in roots. The auxin response factor double mutant arf7 arf19 and the auxin receptor mutant tir1 showed a slight reduction in phototropic curvatures in roots, suggesting that the transcriptional regulation by some specific ARF proteins and their regulators is at least partly involved in root phototropism. However, the auxin antagonist PEO-IAA [a-(phenylethyl-2-one)-indole-3-acetic acid] suppressed root gravitropism and enhanced root phototropism, suggesting that the TIR1/AFB auxin receptors and ARF transcriptional factors play minor roles in root phototropism. Taken together, we conclude from our current data that the phototropic response in Arabidopsis roots is induced by an unknown mechanism that does not require asymmetric auxin distribution and that the Cholodny-Went hypothesis probably does not apply to root phototropism.
Introduction
Plants have a sessile nature and need to change their patterns of growth and development to adapt to various environmental conditions. One such response is phototropism, in which the growth direction of organs changes in response to a light stimulus , Goyal et al. 2013 , Liscum et al. 2014 , Fankhauser and Christie 2015 . Positive phototropism refers to a process in which hypocotyls, coleoptiles and shoots grow toward a light source in response to unilateral irradiation to optimize the efficiency of photosynthesis (Goyal et al. 2013 , Liscum et al. 2014 . In many plant species, however, including Arabidopsis thaliana, roots can also grow away from light sources to penetrate into the soil and to escape stressful conditions, referred to as negative phototropism (Iino 2001 , Pedmale et al. 2010 , Kutschera and Briggs 2012 , Goyal et al. 2013 .
The Cholodny-Went hypothesis adequately explains the mechanisms of tropic growth causing phototropism and gravitropism (Went and Thimann 1937) . According to this hypothesis, phototropic and gravitropic stimuli induce lateral transport of the phytohormone auxin across organs, leading to an auxin gradient between the stimulated and opposite side of the organ. This asymmetric auxin distribution induces a differential growth response leading to tropic curvatures of the organs. Consistent with this hypothesis, many studies have since described asymmetric auxin distribution during the phototropic and gravitropic responses of hypocotyls and coleoptiles Rahman 2008, Christie and Murphy 2013) . Furthermore, Esmon et al. (2006) clearly demonstrated that phototropic and gravitropic stimuli result in an auxin gradient and auxin-dependent transcription in the hypocotyls of Brassica oleracea. These tropic stimulus-induced genes include the EXPANSIN genes which regulate cell wall extension, and it is postulated that the asymmetrical distribution of the translated products directly regulates the establishment and modulation of tropic curvatures (Esmon et al. 2006) .
The Cholodny-Went hypothesis is also widely accepted in the case of root gravitropism. During the gravitropic responses in Arabidopsis roots, auxin accumulation on the lower side of the root has been observed using the auxin reporter gene DR5rev::GFP (green fluorescent protein; Ottenschläger et al. 2003 ) and the auxin sensor protein DII-VENUS (Brunoud et al. 2012) . Establishment of the asymmetric auxin distribution depends on the root tip-localized gravity-sensing machinery (Wolverton et al. 2011 , Band et al. 2012 ) and precedes the initiation of root bending (Brunoud et al. 2012 ). The results of genetic studies are consistent with this hypothesis. Polar auxin transport in roots is mainly achieved by PIN-FORMED (PIN) auxin efflux carrier proteins (Petrášek and Friml 2009 ), AUXIN1/LIKE-AUX1 (AUX/LAX) auxin influx carrier proteins (Swarup and Péret 2012) and ATP-binding cassette subfamily B (ABCB) auxin transporters (Spalding 2013) . In Arabidopsis roots, pin2, pin3 and aux1 mutants show defective gravitropic responses (Bennett et al. 1996 , Chen et al. 1998 , Luschnig et al. 1998 , Müller et al. 1998 , Utsuno et al. 1998 , Friml et al. 2002 . Gravitropic stimuli change the expression patterns and/or the cellular localization of the PIN2, PIN3 and PIN7 proteins, which are thought to contribute to the establishment of the asymmetric auxin distribution (Friml et al. 2002 , Abas et al. 2006 , Kleine-Vehn et al. 2010 , Taniguchi et al. 2017 . Auxin is perceived by its F-box protein receptors, TRANSPORT INHIBITOR RESPONSE 1 (TIR1)/AUXIN SIGNALING F-BOX (AFB), that degrade the transcriptional repressor AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) proteins via the ubiquitin-proteasome pathway (Hayashi 2012) . As a result, AUXIN RESPONSE FACTORs (ARFs) are de-repressed, initiating the expression of auxin-regulated genes (Hayashi 2012) . In Arabidopsis, there are evidences to suggest that ARF7/NONPHOTOTROPIC HYPOCOTYL4 (NPH4), ARF19, IAA3/SHOOT HYPOCOTYL2 (SHY2), IAA7/ AUXIN RESISTANT2 (AXR2), IAA14/SOLITARY ROOT (SLR) and IAA17/AXR3 are the key transcriptional regulators in root gravitropism (Sato et al. 2015) . Pharmacological analyses also indicate that inhibitors of auxin transport, 1-Nnaphthylphthalamic acid (NPA; Rashotte et al. 2000) , 7-benzyloxy naphthalene 1-acetic acid (Bz-NAA; Tsuda et al. 2011 ) and 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB; M. , that of the TIR1/AFB auxin receptors, a-(phenylethyl-2-one)-indole-3-acetic acid (PEO-IAA; Hayashi et al. 2008) and that of YUCCA (YUC) auxin biosynthetic enzyme, yucasin (Nishimura et al. 2014) , suppress the gravitropic responses of roots, also supporting the Cholodny-Went hypothesis as the basis for root gravitropism.
In contrast to root gravitropism, the function of auxin in root phototropism is far less clear. Wan et al. (2012) observed auxin accumulation on the shaded side of Arabidopsis roots after the induction of phototropic response, but Zhang et al. (2013 Zhang et al. ( , 2014 have reported that auxin accumulates on the irradiated side of roots. They also reported that root phototropism is impaired in pin1, pin2 and pin3 mutants (Wan et al. 2012 , Zhang et al. 2013 , Zhang et al. 2014 . However, other studies have indicated that both the aux1 mutant and the pin2/agravitropic1 (agr1)/wavy growth 6-52 (wav6-52) mutant, a gain-of-function mutant with a glycine to glutamate substitution at position 541 of the predicted PIN2 protein (Abas et al. 2006) , show enhanced rather than suppressed root phototropic responses Shimura 1992, Okada and Shimura 1994) . It has been further reported that the auxin transport inhibitors NPA and Bz-NAA enhance root phototropism at the concentration that inhibits root gravitropism Shimura 1994, Tsuda et al. 2011) . Therefore, it has remained unclear whether the Cholodny-Went theory is applicable to root phototropic responses.
In our current study, we investigated the function of auxin transport, biosynthesis and signaling in the root phototropic responses of Arabidopsis to assess the applicability of the Cholodny-Went hypothesis. Our analyses using auxin reporter genes indicated that auxin accumulates on the irradiated side of roots in the phototropic response. Agravitropic mutants showed a suppression of its accumulation, suggesting that auxin accumulates on the irradiated side of roots in response to an incidental gravitropic stimulus caused by phototropic bending. The results of our current genetic and pharmacological analyses strongly suggest that auxin biosynthesis and transport function negatively rather than positively in root phototropism and that the Cholodny-Went hypothesis most probably does not apply to root phototropism.
Results

Auxin distribution patterns during the phototropic responses of Arabidopsis roots
Auxin distribution patterns in the phototropic response of Arabidopsis roots were investigated using an auxin-responsive reporter gene, DR5rev::GFP (Ottenschläger et al. 2003) . GFP images were classified into three groups as follows: equal GFP signals on both sides of the root, more on the irradiated side and more on the shaded side (Fig. 1A) . Under darkness, equal signals were observed in most seedlings and asymmetric signal patterns in some seedlings (Fig. 1B) . Unilateral blue light irradiation for 8 h increased the number of seedlings showing more GFP signals on the irradiated side and decreased the number of seedlings showing equal signals on both sides (Fig. 1B) . These results suggested that phototropic stimuli lead to auxin accumulation on the irradiated sides of the roots.
To confirm these results, we investigated the distribution pattern of DII-VENUS, which is the fast-responding auxin sensor protein that is degraded by auxin accumulation (Brunoud et al. 2012) , in the roots of the transgenic seedlings. In this analysis, as depicted in Fig. 2A-D , we measured the degree of the root curvatures and the DII-VENUS fluorescence intensities on both sides of the roots. Under darkness, DII-VENUS was expressed equally on both sides of the roots ( Fig. 2F, I ; Supplementary Fig. S1A ) and most roots grew perpendicularly (Fig. 2E, H) . Root phototropic curvatures appeared 2 h after the onset of unilateral blue light irradiation (Fig. 2E) . However, the DII-VENUS signal intensities were comparable between the shaded and irradiated sides up to this time point (Fig. 2F) . A decrease in the DII-VENUS signal was detected on the irradiated side of the roots after 4 h ( Fig. 2F; Supplementary Fig. S1B ), and its asymmetric distribution was still observed 8 h after the onset of phototropic stimulation. These results suggested that a phototropic stimulus leads to an increase in auxin on the irradiated and not the shaded side of the roots. Thus, our results are consistent with the previous results of Zhang et al. (2013 Zhang et al. ( , 2014 , but not with the data reported by Wan et al. (2012) .
Our current results raised the question of whether the Cholodny-Went hypothesis is applicable to root phototropism. During the gravitropic response in roots, auxin accumulates on the lower side and suppresses cell elongation in the lower flanks (Sato et al. 2015) . We confirmed in our current analysis that a decrease in the DII-VENUS signal, and therefore an increase in auxin levels, can be detected 30 min after the onset of gravitropic stimulation on the non-elongating lower sides of the roots ( Fig. 2I ; Supplementary Fig. S1C ). However, we observed a decrease in the DII-VENUS signal on the elongating irradiated sides of roots during the phototropic responses ( Fig. 2F ; Supplementary Fig.  S1B ). Because the initiation of root phototropic bending appeared to precede the establishment of an asymmetric auxin distribution on the irradiated side (Fig. 2E, F) , we hypothesized that the slant of a root caused by phototropic bending acts as a gravitropic stimulus and that auxin accumulates in the lower (irradiated) side of the root. If this is indeed the case, the roots of an agravitropic mutant would show impairment in the asymmetric auxin distribution in response to phototropic stimuli.
To test our hypothesis further, we investigated the DII-VENUS distribution patterns in the phosphoglucomutase-1 (pgm-1) mutant that lacks the starch-filled amyloplasts that function as statoliths in gravity sensing Pickard 1989, Kiss et al. 1989 ). The pgm-1 roots showed a moderate gravitropic response (Fig. 2H) as described previously Pickard 1989, Kiss et al. 1989) . Because the gravitropic and phototropic responses of roots can counter each other if the growth directions in response to these stimuli differ (Okada and Shimura 1992 , Okada and Shimura 1994 , Vitha et al. 2000 , it was expected that a reduction in the gravitropic response would enhance the phototropic response in the pgm-1 roots. In fact, the phototropic curvatures of the roots in the mutant became larger than those in the wild type (Fig. 2E) . In the pgm-1 mutant, asymmetric DII-VENUS distributions were not observed until 4 h after the onset of unilateral blue light irradiation ( Fig. 2G; Supplementary Fig. S1E ). A decrease in the DII-VENUS signal was detected on the irradiated sides of the roots at 8 h (Fig. 2G) . Thus, our findings indicated that the degree of phototropic curvature is not positively correlated with the DII-VENUS signal gradient. In contrast, suppression of the asymmetric distribution of DII-VENUS correlated with a decrease in the gravitropic curvatures of the pgm-1 roots (Fig. 2G , H, J; Supplementary Fig. S1C, F) . These results strongly suggested that auxin accumulates on the lower side of phototropically stimulated roots in a gravitropism-dependent manner.
Functional analyses of auxin transporters in root phototropism
We realized that if the phototropic response occurs independently of the asymmetric auxin distribution in roots, the pin mutants should not show root phototropism defects. We analyzed the phototropic response-related phenotypes of mutants of the PIN gene family (Fig. 3) . Most of these pin mutants showed normal phototropic responses in their roots. Notably however, although Zhang et al. (2013 Zhang et al. ( , 2014 reported moderate impairments of root phototropic responses in both the pin1 and pin3 mutants, these results were not reproduced in our own experiments (Fig. 3) . We observed a slight reduction in the phototropic curvatures in pin4-3, but this was not confirmed in another allele of pin4 (CS118077). Both pin2/eir1-1 and pin2 (Salk_102987) alleles produced enhanced phototropic curvatures, as previously described for the pin2/wav6-52 gain-of-function allele (Okada and Shimura 1992) . The pin3 pin4 pin7 triple mutant, which has been shown to have a severe hypocotyl phototropism defect (Willige et al. 2013) , revealed an increased phototropic curvature in the roots in our experiments (Fig. 3) . The increased phototropic curvatures in the roots of the pin2 and pin3 pin4 pin7 plants appear to be caused by an attenuation of the gravitropic response (Chen et al. 1998 , Luschnig et al. 1998 , Müller et al. 1998 , Utsuno et al. 1998 , Pernisova et al. 2016 as in the case of pgm-1 roots ( Fig. 2E, H) . Although the roots of the Nossen ecotype including the pin8 (pst01670) mutants showed larger phototropic curvatures than the Col ecotype, the root gravitropic responses were similar between these ecotypes (Supplementary Fig. S2B ). In the case of the Nossen ecotype, a different genetic background appeared to cause differences in the root phototropic response between Nossen and Col. Thus, we could not detect any obvious positive function of PIN auxin transporters in root phototropism.
In the case of the pin2 mutants, previous studies have indicated that the phototropic curvatures of pin2 roots show a similar average angle to those of the wild type, but that their
pin6 (107586) pin6 (095142) pin7 (048791) pin7 (044687) pin8 ( :DII-VENUS in the wild type (circle) and pgm-1 (diamond) background. The data shown are the means ± SE from 32-91 seedlings (E) and 22-57 seedlings (H). (F, G, I and J) DII-VENUS fluorescence signal intensities of wild-type (F and I) and pgm-1 (G and J) plants. Fluorescence intensities were determined on the shaded (black) and irradiated (white) sides of phototropically stimulated roots (F and G), as well as on the upper (black) and lower (white) sides of gravitropically stimulated seedlings (I and J). The data shown are the means ± SE from 22-67 seedlings. Asterisks indicate a statistically significant difference between the shaded/upper and irradiated/ lower sides (Student's t-test, P < 0.05).
growth directions show a far wider distribution (Wan et al. 2012 , Moriwaki et al. 2014 ). In our experimental conditions, however, both pin2/eir1-1 and pin2 (Salk_102987) alleles produced enhanced phototropic curvatures, as described previously by Okada and Shimura (1992) . Previous studies by Wan et al. (2012) and Moriwaki et al. (2014) used growth medium containing sucrose, which affects root growth direction (Singh et al. 2014 ). When we repeated the experimental conditions used by Wan et al. (2012) , we confirmed that the root growth directions were randomized in the pin2 mutants ( Supplementary Fig. S3 ). Thus, not only an abnormal transport of auxin in the root apex of pin2 mutants , Wan et al. 2012 ), but also the effects of sucrose may cause the randomization of root growth direction and overcome apparently normal phototropic responses under these experimental conditions.
The roles of auxin transporters, AUX1 and ABCB19, were previously examined in root phototropism Shimura 1992, Kumar et al. 2011) , and we confirmed these previous findings under our current experimental conditions ( Supplementary Fig. S2 ). Aux1, the mutant of an auxin influx carrier, is an agravitropic mutant, and its root phototropic response was found to be enhanced as in the case of pgm-1 (Fig. 2E, H) . Abcb19, another auxin transporter mutant, showed normal phototropic responses in roots. Our results thus indicated that AUX1 and ABCB19 are not required for the establishment of root phototropism, and this is consistent with previous findings Shimura 1992, Kumar et al. 2011) . Although Lewis et al. (2007) reported that there is no effect of the abcb19 mutation on root gravitropism of de-etiolated seedlings, its mutation slightly enhanced the gravitropic response in roots of etiolated seedlings Supplementary Fig.  S2B ), as described previously (Lin and Wang 2005) .
The effects of auxin transport inhibitors on root phototropism were also examined in our experiments. All of the inhibitors we tested, NPA (Rashotte et al. 2000) , Bz-NAA (Tsuda et al. 2011) and NPPB (M. , inhibited the gravitropic response and enhanced the phototropic response in roots ( Supplementary Fig. S4 ), suggesting that a suppression of gravitropism causes an increase in phototropic curvatures and that these agents cannot inhibit the phototropic responses in Arabidopsis roots. Taken together, our results strongly suggested that an asymmetric auxin distribution mediated by auxin transporters is not required for the establishment of a phototropic response in Arabidopsis roots and that the Cholodny-Went hypothesis probably does not apply to root phototropism.
Roles of auxin biosynthesis in root phototropism
We next examined the function of auxin itself in root phototropism. First, the phototropic response was analyzed in the roots of the auxin biosynthesis mutant, a yucca3 yucca5 yucca7 yucca8 yucca9 quintuple mutant (yucQ) (Fig. 4A) . YUCs, which are auxin biosynthetic enzymes, function in the rate-limiting step of the main auxin biosynthesis pathway in Arabidopsis (Zhao 2012) , and yucQ is a quintuple mutant of the five YUC genes expressed in the Arabidopsis root tissue (Chen et al. 2014) . The yucQ mutant roots showed increased phototropic responses and decreased gravitropic responses (Fig. 4A, B) . Similar results were obtained from experiments using seedlings treated with the auxin biosynthesis inhibitor yucasin (Fig. 4C, D) . This chemical inhibits the conversion of IPA to IAA by YUC in a competitive manner (Nishimura et al. 2014) . Yucasin inhibited the gravitropic responses but enhanced the phototropic responses of the roots, (B) Root gravitropism of yucQ. Two-day-old etiolated seedlings were rotated 90 and kept in the dark for 12 h. The data shown are the means ± SE from 42-46 seedlings. An asterisk indicates a statistically significant difference from the wild type (Student's t-test, P < 0.05). (C) Effect of yucasin on root phototropism. Two-day-old etiolated seedlings grown on 20 mM yucasin-containing medium were irradiated with unilateral blue light for 12 h. IAA was also added to the medium at the indicated concentrations. The data shown are the means ± SE from 27-36 seedlings. Asterisks indicate a statistically significant difference from DMSO-treated seedlings (Student's t-test, P < 0.05). (D) Effect of yucasin on root gravitropism. Two-day-old etiolated seedlings grown on 20 mM yucasin-containing medium were rotated 90 and kept in the dark for 12 h. The data shown are the means ± SE from 27-34 seedlings. IAA was also added to the medium at the indicated concentrations. Asterisks indicate a statistically significant difference from DMSO-treated seedlings (Student's t-test, P < 0.05). and these effects were abolished by the addition of IAA (Fig. 4C, D) . These results indicated that the YUC genes are not required for the establishment of root phototropism, and that the enhancement of the phototropic curvatures in yucQ and yucasin-treated roots appeared to be caused by a suppression of root gravitropism (Fig. 4B, D) . Thus, our findings indicated that auxin is critical for the establishment of gravitropism but not phototropism in Arabidopsis roots.
Involvement of ARF transcription factors in root phototropism
Our present results indicated that both auxin biosynthesis and transport are significant for the establishment of root gravitropism but not for root phototropism. On the other hand, previous studies reported that the auxin-responsive transcription factor NPH4/ARF7 is involved in both hypocotyl and root phototropism Briggs 1996, Zhang et al. 2014 ). This prompted us to re-evaluate the function of this transcription factor in root phototropism under our experimental conditions. Given that ARF7 and ARF19 have been reported to act in root gravitropism in a redundant manner , Weijers et al. 2005 , we examined the root phototropic response in the arf7 arf19 double mutant (Fig. 5A) . The roots in this mutant plant bent more slowly than those of the wild type up to 12 h after the onset of blue light irradiation but reached the same curvature level after 24 h (Fig. 5A) . Because it is possible that an impaired root phototropic response results from an enhanced gravitropic response or impaired root growth, we investigated these physiological responses in the arf7 arf19 double mutant. The roots of this mutant also showed an impairment of their gravitropic response, but not of their elongation growth, until 12 h after the onset of blue light irradiation (Fig. 5B, C) . On the other hand, we found in our experiments that neither the arf7 nor the arf19 single mutants showed abnormal root phototropism ( Supplementary Fig. S5 ). These results indicated that both ARF7 and ARF19 contribute to the differential growth of photo-and gravitropism in roots, particularly during the early stages of these responses, in a redundant manner.
Effects of stabilized Aux/IAA protein expression on root phototropism
The roles of Aux/IAA proteins in root phototropism were next examined because they control the activities of the ARF proteins (Hayashi 2012) . The Arabidopsis genome contains 29 members of the Aux/IAA gene family, and their comprehensive analysis via loss-of-function mutations has proved difficult . We therefore investigated the root phototropic responses in several previously described dominant aux/iaa mutants-iaa1/axr5-1 (Yang et al. 2004 ), iaa3/shy2-101 (Goh et al. 2012) , iaa7/axr2-1 (Wilson et al. 1990 ), iaa14/slr-1 (Fukaki et al. 2002) , iaa17/axr3-3 (Leyser et al. 1996) , iaa18/crane-2 ) and iaa19/ msg2-1 (Tatematsu et al. 2004 )-that show abnormalities in some root auxin responses. All of these mutants other than iaa17/axr3-3 showed enhanced or equivalent phototropic root curvatures compared with the wild type (Fig. 6A) , suggesting that these dominant mutations do not have negative effects on root phototropism. Only the iaa17/axr3-3 mutation has any impacts which manifested as abnormal root bending (Fig. 6B) , although the average of the phototropic curvatures in this mutant did not show a significant difference from the wild type (Fig. 6A) . We further prepared transgenic lines expressing dominant iaa17 mutated genes (miaa17; Supplementary Fig.  S6F, H) , which have an amino acid substitution in domain II that binds to the TIR1 auxin receptor (Gray et al. 2001) , driven by their own promoters. The pIAA17::miaa17 transgenic lines showed randomization of their root growth direction in the phototropic response (Fig. 6B) , in addition to defects in root gravitropism, hypocotyl phototropism and an inhibition of root growth by auxin treatment (Supplementary Fig. S7 ). The phototropic response defects observed in the pIAA17::miaa17 #2 line were more severe than in the pIAA17::miaa17 #1 line ( Fig. 6 ; Supplementary Fig. S7 ), and the extent of these abnormalities correlated with the expression level of the miaa17 transgene ( Supplementary Fig. S6H ). These results demonstrated that IAA17 has suppressive effects on photo-and gravitropic responses in Arabidopsis roots.
The functions of several other Aux/IAA genes were also examined by using transgenic lines expressing the dominant iaa mutated genes ( Supplementary Fig. S6 ). No obvious root phototropism phenotypes were evident in the pIAA5::miaa5, pIAA6::miaa6, pIAA10::miaa10, pIAA15::miaa15 or pIAA29::miaa29 lines (Fig. 6A) . The roots of the pIAA11::miaa11 #2 lines showed a slight increase in phototropic curvature, but this was not reproduced in the pIAA11::miaa11 expression lines (#1) (Fig. 6A) . Thus, we did not identify Aux/IAA members that play functional roles in root phototropism other than IAA17. When we examined other phenotypes including root gravitropism, hypocotyl phototropism and auxin sensitivity during root growth, the transgenic seedlings of pIAA5::miaa5, pIAA6::miaa6 and pIAA11::miaa11 showed a slight hypocotyl phototropism defect ( Supplementary Fig. S7B ), whereas those of pIAA11::miaa11 and pIAA29::miaa29 showed an auxinresistant phenotype in root growth (Supplementary Fig. S7C ). Fig. 6 Effects of stabilized Aux/IAA proteins on root phototropism. Two-day-old etiolated seedlings were irradiated with unilateral blue light for 24 h. (A) Root phototropism of dominant aux/iaa mutants and transgenic seedlings harboring miaa genes. The data shown are the means ± SE from 22-88 seedlings. Asterisks indicate a statistically significant difference from the wild type (Student's t-test, P < 0.05) or from the vector control seedlings (pBAR #1 and pBAR #2, one-way ANOVA followed by the Fisher's PLSD test, P < 0.05). (B) Root phototropism of iaa17/axr3-3 mutants and pIAA17::miaa17 transgenic seedlings. The frequencies (%) of root growth directions at intervals of 15 are represented by the lengths of the bars (22-88 measurements each).
These results suggested that these transgenes are functional in the transgenic lines and that IAA5, IAA6 and IAA11 have some suppressive effects on hypocotyl phototropism but not on root phototropism.
Involvement of the TIR1/AFB auxin receptor family in root phototropism
The functions of the TIR1/AFB auxin receptor family were also examined in root phototropism. When we used the auxin antagonist PEO-IAA, which binds to the auxin-binding pocket of the TIR1/AFB proteins and blocks auxin action (Hayashi et al. 2008) , this treatment enhanced the phototropic responses and suppressed the gravitropic responses in the wild-type roots (Fig. 7A, B) . The root phototropic responses were also investigated in tir1/afb mutants (Fig. 7C) . Among six members of this gene family, only the tir1 mutants showed a reduced response, and the afb1 and afb3 mutants, most notably afb1, showed enhanced responses (Fig. 7C) . The gravitropic responses and growth rates of the roots in the tir1 and afb1 mutants were comparable with those of the wild type (Fig. 7D, E) , indicating that these factors are not the cause of the abnormal root phototropic responses in the tir1 and afb1 mutants. On the other hand, the roots of the afb3 mutants showed different gravitropic behaviors and growth rates between two independent alleles (Fig. 7D, E) , and the cause of enhanced phototropic response in afb3 mutants remains unknown. These results suggest that TIR1 and AFB1 positively and negatively function in the establishment of root phototropism, respectively.
Discussion
In the Cholodny-Went hypothesis, asymmetric auxin distribution is the proposed trigger of differential growth (Went and Thimann 1937) . The results of many subsequent studies have supported this hypothesis, and our present study also confirmed its applicability to root gravitropism in Arabidopsis. However, we show from our current analysis that the asymmetric auxin distribution observed in the root phototropic responses depends on the gravitropism induced by phototropic curvatures and that this appears to have a negative effect on root phototropism (Fig. 2) . Wan et al. (2012) have reported previously that a typical DR5rev::GFP transgenic seedling shows more GFP signal on the shaded side of the roots at 1 h after blue light irradiation, indicating that auxin accumulates on the shaded side. In our present study, however, we could not detect auxin accumulation on the shaded side and instead observed elevated auxin levels on the irradiated side of the roots (Figs. 1, 2) , as also described previously (Zhang et al. 2013 , Zhang et al. 2014 ). Although we cannot exclude the possibility that a slight but undetectable accumulation of auxin occurs on the shaded side to trigger a phototropic response in roots, our analysis indicates that auxin transport inhibitors and an auxin biosynthesis inhibitor suppress the gravitropic responses but enhance the phototropic responses in roots, strongly suggesting that asymmetric auxin distribution is not required for the establishment of root phototropism, at least in Arabidopsis. Interestingly, Shkolnik et al. (2016) indicated in their previous report that auxin redistribution is not required for root hydrotropism and that auxin inhibits the response in Arabidopsis. Dietrich et al. (2017) reported that the meristem and root cap are necessary for root gravitropism but not root hydrotropism. Thus, in addition to the formation of an asymmetric auxin distribution, other as yet unknown mechanisms could be involved in the induction of the differential growth in Arabidopsis root tropisms such as phototropism and hydrotropism.
Consistent with our findings for auxin distribution, our pharmacological data also suggested that auxin redistribution is not required for the establishment of root phototropism. These results are inconsistent, however, with those of previous reports by Wan et al. (2012) and Zhang et al. (2013) which indicated that 5 mM NPA treatment completely suppressed the phototropic responses in Arabidopsis roots. In contrast, our experiments indicated that 10 mM NPA actually enhances the response (Supplementary Fig. S4A ). Our NPA treatments inhibited the gravitropic responses, and other auxin transport inhibitors, Bz-NAA and NPPB, also showed similar effects in our experiments ( Supplementary Fig. S4A, B) , indicating that our NPA treatment worked properly. Although we have not yet identified the mechanism underlying this, it should be noted that Zhang et al. (2013) previously indicated that NPA treatment at 1 mM also fully inhibited the phototropic responses of hypocotyls, in contrast to the findings of other reports (Nagashima et al. 2008 , Ding et al. 2011 , Willige et al. 2013 , Zhao et al. 2013 . It must also be noted that the direction of root growth and the effects of NPA treatment on growth direction are affected by experimental conditions such as nutrients, sucrose and aeration (Buer et al. 2003) , and this may explain some of the different physiological responses of Arabidopsis roots.
Our current study findings raise questions about the function of the PIN family in Arabidopsis root phototropism. Although Zhang et al. (2013 Zhang et al. ( , 2014 have reported that both pin1 and pin3 mutants show moderate impairment of their root phototropic responses, these results were not reproduced in our present experiments (Fig. 3) . We found that the pin3 pin4 pin7 multiple mutant also showed enhanced root phototropism (Fig. 3) . Why did these differences arise? Zhang et al. (2013 Zhang et al. ( , 2014 ) used 10 mmol m -2 s -1 blue light to induce the phototropic response of roots, whereas we used a 10-fold higher fluence rate (100 mmol m -2 s -1
). This difference in fluence rates may have contributed to the different outcomes obtained. When we examined the phototropic responses in roots under low fluence rate blue light conditions (1 mmol m -2 s -1 ), pin3 mutants showed a quite normal root phototropic response ( Supplementary Fig. S8A ). In addition, the pin2 and yucQ mutants showed enhanced phototropic responses to unilateral low fluence rate blue light (Supplementary Fig. S8A ). NPA and PEO-IAA treatments also enhanced the phototropic responses induced by both low fluence rate blue light ( Supplementary Fig. S8B ) and 100 mmol m -2 s -1 ( Fig. 7A ; Supplementary Fig. S4A ). Thus, light intensity differences do not explain the discrepancy between our current results and those of Zhang et al. (2013 Zhang et al. ( , 2014 . It remains an open question whether or not PIN1 and PIN3 play significant roles in root phototropism.
Previous studies have reported that nph4/arf7 mutants show partial root phototropism impairments Briggs 1996, Zhang et al. 2014) . Our analysis of the arf7 arf19 double mutant showed slight decreases in the photo-and gravitropic curvatures of roots with no reduction in the root growth rates (Fig. 5) , suggesting that ARF7 and ARF19 contribute to the differential growth of roots induced by photo-and gravitropic stimuli. It is not yet clear how those ARF transcriptional factors control the phototropic responses in roots without the formation of an asymmetric auxin distribution. H. have reported that phosphorylation of ARF7 and ARF19 leads to their activation during lateral root development via a release from Aux/IAA transcriptional suppressors in an auxinindependent manner. Similar mechanisms may be involved in the functional regulation of ARF7 and ARF19 in root phototropism. To better understand the regulatory mechanisms of ARF7 and ARF19 activities, the functioning partners of the Aux/IAA proteins need to be identified. Our present analysis suggests that IAA17 is a good candidate as one of these partners. It should be examined in a future study whether blue light signaling controls their interactions. In addition, our current results have suggested that TIR1 and AFB1 function positively and negatively in the establishment of root phototropism, respectively. These auxin receptors therefore might control the stability of the IAA17 proteins, and the expression levels of the IAA17 proteins in the tir1 and afb1 mutants will also need to be examined in a future study.
Our present analyses have revealed positive contributions of ARF7, ARF19 and TIR1 to root phototropism in Arabidopsis. However, impairments of the phototropic response were partial in arf7 arf19 and tir1 mutants (Figs. 5A, 7C ). Both ARF7/19 and TIR1 are the members of gene families in the Arabidopsis genome, and we considered it possible that there was some functional redundancy with other family members in the root phototropism. However, although we examined this possibility using aux/iaa dominant mutants and miaa transgenic lines, we could not identify critical functions of other members in the establishment of root phototropism (Fig. 6A) . We found that NPA, Bz-NAA, NPPB, yucasin and PEO-IAA suppress root gravitropism and enhance root phototropism (Figs. 4C, D, 7A, B ; Supplementary Fig. S4 ), suggesting that specific TIR1/AFB auxin receptors and ARF transcription factors participate in root phototropism and that the establishment of this response may not be completely dependent on these factors, unlike root gravitropism. Root phototropism requires the blue light receptor phototropin and its downstream signaling components, similar to hypocotyl phototropism (Liscum and Briggs 1995 , Liscum and Briggs 1996 , Sakai et al. 2000 , Boccalandro et al. 2008 . Phototropin signaling often controls the cell-autonomous physiological responses to blue light irradiation, including stomatal opening (Kinoshita et al. 2001 ) and chloroplast relocation . Hence, the root phototropic response may also be induced by certain cell-autonomous mechanisms independently of auxin transport. Further studies are needed to clarify how phototropin signaling controls phototropic responses in roots without the formation of asymmetric auxin distribution.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana seeds of the following lines were obtained from the Arabidopsis Biological Resource Center (ABRC): pgm-1, tir1-1, tir1-10, afb1-3, afb1-5, afb2-3, afb2 (Salk_036667), afb3 (Salk_011148), afb3-4, afb4 (Salk_201329), afb5-5, nph4-1 arf19-1, iaa1/axr5-1 and iaa7/axr2-1. The seeds of Col wild-type, Nossen wild-type, pin1-5, pin1 (Salk_047613), pin2/eir1-1, pin2 (Salk_102987), pin3-4, pin3-5, pin4-3, pin4 (CS118077), pin5-3, pin5-4, pin6 (CS107589, Salk_095142), pin7 (Salk_044687, Salk_048791), pin8 (Salk_044655, pst01670) and DR5rev::GFP transgenic plants have been described previously (Ito et al. 2002 , Kuromori et al. 2004 . The seeds of a Columbia strain harboring 35S::DII-VENUS were kindly provided by Professor Teva Vernoux (Laboratoire Reproduction et Développement des Plantes, University of Lyon). The 35S::DII-VENUS line in pgm-1 was prepared by crossing a transgenic 35S::DII-VENUS plant with the pgm-1 mutant. pin3-4 pin4-3 pin7 (048791) plants were generated by crossing the pin3-4, pin4-3 and pin7 (Salk_048791) lines. Pin3-4 pin4 (Salk_118077) pin7 (044687) triple mutants were generated by crossing the pin3-4, pin4 (CS118077) and pin7 (Salk_044687) single mutants. The seeds of yucQ plants were kindly provided by Professor Yunde Zhao (Section of Cell and Developmental Biology, University of California, San Diego). The seeds of iaa3/shy2-101, iaa14/slr-1, iaa17/axr3-3 and iaa18/crane-2 were kindly provided by Professor Hidehiro Fukaki (Department of Biology, Graduate School of Science, Kobe University). The seeds of iaa19/massugu2-1 (msg2-1) were kindly provided by Professor Masaaki Watahiki (Division of Biological Sciences, Faculty of Science, Hokkaido University). afb4-2 plants were segregated from afb4-2 afb5-5, which was kindly provided by Professor Mark Estelle (Section of Cell and Developmental Biology, University of California, San Diego).
To prepare transgenic lines expressing the dominant iaa mutated genes, Aux/IAA genes along with the endogenous promoter and terminator were PCR amplified using overlapping primers to create a mutation, and the resulting fragments were cloned into a plant transformation vector harboring BASTA resistance. The mutations were created to substitute an amino acid in domain II (VGWPP to VGWSP). The promoter and terminator lengths in base pairs were as follows: IAA5, 890 and 545; IAA6, 900 and 659; IAA10, 3, 257 and 404; IAA11, 1, 298 and 199; IAA15, 2, 502 and 1, 623; IAA17, 2, 659 and 1, 728; and IAA29, 3, 735 and 859. For all experiments, seeds were planted in square Petri dishes containing half-strength Okada and Shimura (OS) medium with 1.5% (w/v) agar (Sakai et al. 2000) . The seeds were then incubated in a cold room at 4 C for 3-5 d. Following irradiation using an overhead red light (3-5 mmol m -2 s -1 for 2 h) to induce uniform germination, the prepared seeds were incubated for 2 d under complete darkness. NPA, Bz-NAA, yucasin, PEO-IAA and IAA were dissolved in dimethyl sulfoxide (DMSO) and added to the medium.
Induction of phototropism and gravitropism
The root growth directions of 2-day-old etiolated seedlings were reset to the direction of gravity under a dim green safe light, after which phototropism and gravitropism were induced. For phototropic stimulation, seedlings were irradiated with unilateral blue light at 100 mmol m -2 s -1 using a blue light-emitting diode (LED) light source (470 ± 30 nm; LED-B, Eyela), as described previously (Okada and Shimura 1992) . For gravitropic stimulation, the seedlings were displaced by 90 from vertical under darkness. For measurements of root tropic curvatures and growth rates, images of dark-grown seedlings were recorded just before tropic stimulation and just after the end of tropic stimulation with a digital camera (D5000; Nikon) from which a UV/infrared light cut filter was removed (ICAS Enterprises IDAS Division), under infrared illumination (IRDR-110; Nissin Electronics). The angle and length of roots were measured using an e-Ruler and Canvas 9 software (ACD Systems International Inc.).
Laser scanning confocal microscopy
GFP and VENUS signals were detected with a Leica TCS-SP5 confocal laser scanning microscope (Leica Microsystems), as described previously Sakai 2012, Haga et al. 2015) . All scans were carried out at a 1,024Â1,024 pixel resolution with repeated scanning of two lines. Fluorescence signal intensities were quantified using LAS AF Lite software (Leica Microsystems).
Supplementary Data
Supplementary data are available at PCP online.
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